INTRODUCTION
Estuaries are the interfaces between freshwater and marine environments and are extremely dynamic zones, with spatial and temporal gradients due to the variability of several factors such as freshwater input, geomorphology, winds and tidal heights, as well as anthropogenic inputs. As expected, micro-organisms play an important role in the dynamics of estuarine environments, particularly in biogeochemical cycles and food webs. Therefore, the biodiversity of estuarine microbial communities is an object of great interest in microbiological and ecological studies.
Despite this, the microbial diversity of these natural communities is still poorly known. This lack of knowledge is, in large part, due to the limitations of standard cultivation procedures.
The recent application of molecular techniques to ecological studies, such as the phylogenetic approach based on the analysis of 16S ribosomal RNA genes (rDNA), unveiled the presence of a huge diversity of microorganisms, undetected by traditional methods (Pace et al. 1986; Liesack and Stackebrandt 1992) . One example of these recently discovered phylotypes are the non-extreme members of the domain Archaea (DeLong 1992; Fuhrman et al. 1993; Bintrim et al. 1997; Buckley et al. 1998; Cifuentes et al. 1999) . Presently, the Archaea are divided into three kingdoms: Crenarchaeota (whose cultured members are all thermophiles), Euryarchaeota (mostly methanogens and halophiles) and the recently proposed Korarchaeota (a group of 16S rDNA sequences retrieved from a hot spring in the Yellowstone National Park, USA (Barns et al. 1996) ).
16S rDNA sequences that cluster with the Crenarchaeota have been found in the gut of a deposit feeder (McInerney et al. 1995) , marine picoplankton (DeLong 1992; Fuhrman et al. 1993; DeLong 1994) , freshwater lake sediments and continental shelf sediments (MacGregor et al. 1997; Schleper et al. 1997; Vetriani et al. 1998) , and forest and subsurface soils (Bintrim et al. 1997; Jurgens et al. 1997; Jurgens et al. 1999 2 ), all of which disprove the original belief that these organisms exist exclusively in extreme environments. Novel lineages of Euryarchaeota have also been detected in marine picoplankton (DeLong 1992; Fuhrman et al. 1993) and in coastal salt marsh and continental shelf sediments (Munson et al. 1997; Vetriani et al. 1998) .
Although recent reports on Archaea in estuarine environments are available (Munson et al. 1997; Crump and Baross 2000 3 ), none reveals the presence of Crenarchaeota organisms in brackish sediments.
Here, the presence of Crenarchaeota and Euryarchaeota in estuarine intertidal sediments of the river Douro (Portugal) is reported, as revealed by PCR ampli®cation of sediment DNA and by phylogenetic analysis of the 16S rDNA sequences obtained.
MATERIALS AND METHODS

Sample collection and DNA extraction
Sediment cores of 25 cm (length) by 5 cm (diameter) were collected at several sampling sites in the intertidal bank of the Douro River estuary (41°08¢ N, 08°40¢ W), where the salinity ranged from 1 to 5 practical salinity units (psu). They were composed mainly of coarse sand (dominant particle size > 500 lm). One of the cores showed a clearly visible 2 cm-thick black layer of compact and thin sediment at 10 cm from the surface. Also in this core, at 19 cm depth, a 3 cm-thick orange layer was found. The cores were kept in the dark at 4°C and processed within 1 h. Core slice samples (4±5 mm) were taken from different depths of each core, including the top aerobic region of all samples and the 10 cm and 19 cm layers of the abovementioned core. The samples were suspended in 4 ml SET (20% sucrose, 50 mmol l )1 EDTA, 50 mmol l
Tris-HCl, pH 8á0). Then, 150 ll lysozyme (5 mg ml )1
(SET)), 400 ll SDS (10% w/v) and 100 ll proteinase K (20 mg ml )1 (SET)) were added and the mixture was incubated at 60°C for 30 min. The treated samples were centrifuged (10 000 g, 10 min) and the supernatant¯uids extracted twice with an equal volume of phenol±chloro-form±isoamyl alcohol (25 : 24 : 1). To each part of the aqueous phase, 0á1 part of 3 mol l )1 sodium acetate (pH 5á2) and 2 parts of 100% ethanol were added to precipitate DNA. The DNA was collected by centrifugation (14 000 g, 10 min), washed in 70% ethanol, dried and resuspended in sterile distilled water.
PCR ampli®cation and sequencing
Crude DNA was puri®ed with Wizard Clean-Up System Minicolumns (Promega, Madison, WI, USA 4 ) and used as the template for nested PCR with two pairs of Archaea-speci®c primers, in order to amplify a 16S rRNA gene region of about 900 bp long, between positions 7 and 927 (Escherichia coli numbering). The following oligonucleotide primer sequences were used for the ®rst ampli®cation: forward, 5¢-TCYGGTTGATCCTGCCRG-3¢ (Y C or T; R A or G) and reverse, 5¢-YCCGGCGTTGAVTCCAATT-3¢ (Y C or T; V A or C or G) (Jurgens et al. 2000 5 ). For the second step ampli®cation, the following primers were used: forward, 5¢-TTCCGGTTGATCCTGCCGGA-3¢ and reverse, 5¢-CCCGCCAATTCCTTTAAGTTTC-3¢ (Jurgens et al. 1997) . Reaction mixtures of 20 ll containing 1±5 ng DNA template, 100 pmol of each primer and 1.25 U Taq polymerase (Perkin Elmer) were used for thermal cycling (94°C for 4 min, followed by 42 cycles with denaturation for 1 min at 94°C, annealing for 1 min at 45°C, and extension for 2 min at 73°C). The negative control (sterile distilled water instead of the DNA suspension) never showed any ampli®cation. The PCR products were analysed by agarose gel electrophoresis. DNA of the expected size was extracted from the gel with the Silica Spin Kit for Fragment DNA Preparation (Biometra) and cloned into the pGEM-T vector plasmid (Promega). The archaeal origin of the inserts was checked in Southern blot, dot blot or colony blot hybridization using an Archaea-speci®c probe, corresponding to region 154±792 of the 16S rRNA gene from Halobacterium salinarum DSM 668. Cloned 16S rDNA from Escherichia coli and Pseudomonas putida were used as negative controls, and from Halobacterium salinarum as positive control. Recombinant insert sizes were checked by PCR ampli®cation using pGEM-based primers. The recombinant plasmids with an insert of the appropriate size were further analysed by restriction with AvaII in order to estimate the phylogenetic diversity of the cloned 16S rDNAs. The digested PCR products were visualized by electrophoresis on a 3% (w/v) agarose gel. Fourteen recombinant plasmids showing diverse insert restriction patterns were randomly selected and sequenced with an Auto Read 1000 sequencing kit and the A.L.F. DNA sequencer (Amersham Pharmacia Biotech, Piscataway, NJ, USA) 6 , with pGEM-based sequencing primers.
All sequences obtained are available in the GenBank database with the accession numbers AF201355 to AF201368.
Phylogenetic analysis
The 16S rDNA sequences were analysed using the programmes CHECK_CHIMERA and RANK_SIMILAR-ITY from the Ribosomal Database Project (RDP) (Larsen et al. 1993) , and Basic Local Alignment Search Tool (BLAST) (Altschul et al. 1990) , in order to detect the presence of chimeric artifacts and to ®nd the degree of similarity to other sequences available in the RDP, GenBank and EMBL databases. The absence of artifactual chimeric molecules was con®rmed by secondary structure analysis. Sequences were manually aligned with 16S rRNA gene sequences retrieved from the previously mentioned databases, using the Gelassembler sequencing editor (Wisconsin Package, Version 10á0, Genetics Computer Group (GCC), Madison, WI, USA). Regions of ambiguous alignment were excluded from the analysis. The phylogenetic analyses (neighbour-joining with Jukes and Cantor correction, parsimony and maximum likelihood) were performed using the ARB programme (www.mikro.biologie.tu-muenchen.de) (Strunk and Ludwig 1996) . Bootstrap values were calculated, using 100 replicates, to provide con®dence estimates for phylogenetic tree topologies.
RESULTS
In order to examine the presence and diversity of Archaea in the estuarine sediments of the Douro River, total sediment DNA was extracted and puri®ed, and archaeal 16S rDNA was selectively ampli®ed by PCR and the amplicons cloned in E. coli.
Of a total of 279, 235 clones challenged with the archaeal speci®c probe exhibited positive signals, revealing that the majority of the cloned fragments were 16S rDNA of Archaea.
The 235 recombinant plasmids were screened with the AvaII restriction enzyme; 14 were selected according to their original restriction pattern and sequenced (DOURO 1 to 14).
Phylogenetic analysis of the sequences revealed the presence of Crenarchaeota 16S rRNA gene sequences in the sediment samples. These sequences were recovered mainly from the surface layer of the cores. However, the sequences DOURO 10 and 11 were retrieved from the 10 cm depth, corresponding to a region of thin grain and compact sediment, while DOURO 12 and 13 were found at 19 cm depth of the same core. Comparison of 12 of the DOURO sequences (1±6, 8, 9 , and 11±14) with existing sequences in public databases (EMBL and GenBank) revealed 95±98% identity to uncultured environmental archaeal sequences retrieved from marine ecosystems in other studies (DeLong 1992 (DeLong , 1994 Fuhrman et al. 1993) . Indeed, the phylogenetic analysis placed these sequences within the so-called`marine cluster' (Buckley et al. 1998) , which is made up by archaeal 16S rDNA sequences recovered from marine environments and lake sediments (Fig. 1) . However, sequences 1±4, 8, 9 and 14, and sequences 5, 6 and 11±13, divided into two separate subgroups within the`marine cluster' (bootstrap 91%).
The DOURO 7 sequence presented 88±90% identity with Euryarchaeota 16S rRNA sequences from deep-sea sediments (Vetriani et al. 1999) and 82% with Methanobacterium formicicum, and grouped among the Euryarchaeota sequences selected for this phylogenetic analysis. DOURO 10 showed an 89% identity with Halobacterium sp.
The bootstrap analysis (Fig. 1) supported the ®nal phylogenetic tree topology with values between 98 and 81% for the major branches.
The intradomain nucleotide signature analysis (Winker and Woese 1991) of the DOURO sequences (Table 1) con®rmed the af®liation of DOURO 7 with the Euryarchaeota, as well as the phylogenetic placement of the DOURO 1±6, 8, 9, and 11±14 sequences within the Crenarchaeota kingdom.
The DOURO 10 sequence showed less clear-cut features. Although the secondary structure of this molecule appears coherent, making it unlikely to be a chimera, the phylogenetic analysis assigned it to the Euryarchaeota, while the intradomain signature analysis revealed a mixture of diagnostic sequences for either the Euryarchaeota or the Crenarchaeota kingdoms.
DISCUSSION
Molecular techniques applied to the study of environmental samples have demonstrated that members of the domain Archaea are more diverse and widespread than previously thought. For example, new members of the Crenarchaeota kingdom have been found in many non-thermophilic habitats globally distributed. On the other hand, their physiological properties and ecological roles remain unknown.
The molecular approach used in this study allowed the recovery of new non-thermophilic Crenarchaeota 16S rRNA gene sequences from estuarine sediment samples. Phylogenetic analysis of these sequences, retrieved from the intertidal brackish environment of the Douro estuary, revealed the close relation of 12 out of 14 of them with marine and freshwater lake Crenarchaeota 16S rRNA gene sequences retrieved from diverse geographical sites, such as North America (Bintrim et al. 1997; MacGregor et al. 1997) , Antarctica (DeLong 1994), Japan (Li et al. 1999) and Europe (Jurgens et al. 1997 ). The analysis supported a different position for DOURO 7 sequence, suggesting a phylogenetic af®liation with euryarchaeotal sequences, such as the CRA 13±11 cm clone from deep-sea sediments Fig. 1 Neighbour-joining tree presenting the phylogenetic placement of the DOURO sequences within the`marine cluster' of the Crenarchaeota, or in the Euryarchaeota kingdom. The phylogenetic analysis was based on the alignment of 16S rRNA sequences 867 bases long. The parsimony and maximum likelihood analysis supported the presented tree topology. Calculated bootstrap values are indicated for the main branches. Scale bar 10% difference between nucleotide sequences (Vetriani et al. 1999 ) and the Methanobacteriales. Less clear results were obtained from clone DOURO 10; the analysis at the level of signature sequences showed a mixture of positions diagnostic for either kingdom, Creno-and Euryarchaeota, with no clear prevalence for either. However, the intradomain signature analysis reported by Winker and Woese (1991) may need some revising due to the enormous amount of archaeal 16S rDNA sequences retrieved from non-extreme environments in the last few years. If the signatures were updated, perhaps the inconclusive signature analysis of DOURO 10 could be resolved. As it is now, the phylogenetic analysis seems to give more robust results, placing DOURO 10 within the Euryarchaeota.
This af®liation between Archaea from temperate estuarine sediments and deep-sea sediments may indicate the ability of such micro-organisms to survive in a wide range of environments. However, such hypothesis needs further testing.
The isolation of 9 of 14 sequences (DOURO 1, 2, 3, 4, 5, 6, 8, 9 and 14) from the top 4±5 mm layer of the sediment cores may suggest an aerobic metabolism, although their phylogenetic distance from the cultivated members of the Crenarchaeota prevent any possible further inference about their physiology. In addition, the DOURO 12±13 sequences were isolated from a layer where iron oxidation processes occurred. This may suggest that these micro-organisms might be involved in the biogeochemical processes that occur in this zone of the sediments.
This study revealed the presence of previously unsuspected mesophilic Crenarchaeota in temperate brackish estuarine sediments. Although the molecular and phylogenetic data collected cannot help in inferring the ecological role of these micro-organisms in the environment, these ®ndings are of fundamental value for the understanding of the complexity of estuarine ecosystems. On the other hand, the diversity and distribution of the archaeal assemblages in estuarine water column and sediments are currently being studied and the results correlated with biogeochemical data. 
